Abstract. Tropical fires represent a highly uncertain source of atmospheric methane (CH 4 ) because of the variability of fire emissions and the dependency of the fire CH 4 emission factors (g kg −1 dry matter burned) on fuel type and combustion phase. In this paper we use new observations of CH 4 and CO in the free troposphere from the Aura Tropospheric Emission Sounder (TES) satellite instrument to place constraints on the role of tropical fire emissions versus microbial production (e.g. in wetlands and livestock) during the (October) 2006 El Niño, a time of significant fire emissions from Indonesia. We first compare the global CH 4 distributions from TES using the GEOS-Chem model. We find a mean bias between the observations and model of 26.3 ppb CH 4 that is independent of latitude between 50 • S and 80 • N, consistent with previous validation studies of TES CH 4 retrievals using aircraft measurements. The slope of the distribution of CH 4 versus CO as observed by TES and modeled by GEOSChem is consistent (within the TES observation error) for air parcels over the Indonesian peat fires, South America, and Africa. The CH 4 and CO distributions are correlated between R = 0.42 and R = 0.46, with these correlations primarily limited by the TES random error. Over Indonesia, the observed slope of 0.13 (ppb ppb −1 ) ±0.01, as compared to a modeled slope of 0.153 (ppb ppb −1 ) ±0.005 and an emission ratio used within the GEOS-Chem model of approximately 0.11 (ppb ppb −1 ), indicates that most of the observed methane enhancement originated from the fire. Slopes of 0.47 (ppb ppb −1 ) ±0.04 and 0.44 (ppb ppb −1 ) ±0.03 over South America and Africa show that the methane in the observed air parcels primarily came from microbial-generated emissions. Sensitivity studies using GEOS-Chem show that part of the observed correlation for the Indonesian observations and most of the observed correlations over South America and Africa are a result of transport and mixing of the fire and nearby microbial-generated emissions into the observed air parcels. Differences between observed and modeled CH 4 distributions over South America and southern Africa indicate that the magnitude of the methane emissions for this time period are inconsistent with observations even if the relative distribution of fire versus biotic emissions are consistent. This study shows the potential for estimation of CH 4 emissions over tropical regions using joint satellite observations of CH 4 and CO.
persistence of the increase between 2007 and 2012 casts doubt on earlier hypotheses of anomalous rainfall and temperature patterns as the culprit (Rigby et al., 2008; Dlugokencky et al., 2009; Bloom et al., 2010; Bousquet et al., 2011) .
It is now recognized that one of the most efficient methods to mitigate warming due to greenhouse gases on decadal time frames is to cut methane emissions (e.g., Shindell et al., 2012) as the warming potential for methane is 72 times higher than carbon dioxide (CO 2 ) on a 20 yr time horizon (e.g., Forster et al., 2007; Lelieveld et al., 1998) . The dominant CH 4 sink is oxidation by OH radicals in the atmosphere, resulting in a short 9 yr lifetime (e.g., Fung et al., 1991) ; reducing methane emissions thus rapidly lowers its atmospheric abundance. Quantifying anthropogenic and natural methane emissions is thus critical for identifying methane emission reduction targets, verifying that these target have been met, and understanding climate/carbon cycle feedbacks, as increased warming can lead to increased high-latitude methane emissions from the soil or from biomass burning (e.g., O'Connor et al., 2010, and references therein) .
Approximately half of the annual 550 Tg yr −1 methane emissions are anthropogenic, with the bulk of these anthropogenic emissions distributed in the northern mid-latitudes (e.g., Fung et al., 1991; Lelieveld et al., 1998; Bousquet et al., 2006) . Bottom-up quantification of emissions is intrinsically more difficult for methane than for CO 2 because most non-energy-related CH 4 emissions are biogenic, i.e. the CH 4 is created by microbes (methanogens) in anaerobic habitats such as wetlands, landfills, agricultural soils, rice paddies, and the stomachs of ruminants. Consequently, uncertainties in natural and anthropogenic emissions can exceed 100 % (e.g., Petron et al., 2012) .
Fires, though not a dominant source of methane (e.g., Forster et al., 2007; Dlugokencky et al., 2011) , represent a significant contributor to the seasonal variability of atmospheric methane (e.g., Bousquet et al., 2006 ). The year 2006 was a time of significant tropical peat fire emissions over Indonesia due to a strong El Niño (e.g., Page et al., 2002; Logan et al., 2008; Gonzi and Palmer, 2010) . For example, carbon monoxide emissions from these Indonesian fires for October 2006 were approximately six times larger than in October 2005 (Logan et al., 2008) . Figure 1 shows the October 2006 monthly average of surface and middletropospheric atmospheric CO concentrations from the Terra Measurement of Pollution in the Troposphere (MOPITT) satellite instrument (Worden et al., 2010; Deeter et al., 2011 Deeter et al., , 2012 . Enhanced values of CO are observed at the surface in Indonesia and are significantly enhanced in the free troposphere relative to biomass burning regions over South America and Africa. The plumes from these enhanced fire emissions were also observed in the upper troposphere by the Microwave Limb Sounder (MLS) (e.g. Gonzi and Palmer, 2010) . These combined observations from the surface, free troposphere, and upper troposphere therefore show that the strong Indonesian biomass burning emissions, coupled with convection, resulted in nearly the whole tropospheric column over the fire being affected by the smoke plume (Logan et al., 2008; .
Despite recent advances in quantifying the global distribution of methane emissions from space (e.g., Frankenberg et al., 2005 Xiong et al., 2009; Crevoisier et al., 2009) , challenges remain in quantifying methane emissions from fires because of the difficulty in identifying methane enhancements in smoke plumes. The surface network is also challenged to place constraints on tropical fire emissions because fires plumes are lofted into the free troposphere (e.g., Dlugokencky et al., 2009) . In this paper we use new measurements of tropospheric methane from the Aura TES satellite instrument, as well as TES observations of CO, to quantify the enhancement of CH 4 relative to CO over regions of tropical biomass burning during October 2006.
The TES CH 4 estimates (derived from thermal infrared radiance measurements as described in Sect. 2 and Worden et al., 2012) are primarily sensitive to CH 4 concentrations and variability in the free troposphere and have little sensitivity to near-surface CH 4 variations. However, tropical fire plumes are rapidly advected or convected into the free troposphere where the TES CH 4 estimates have maximum sensitivity. In addition, the TES estimates are mostly insensitive to biomass burning aerosols because the corresponding aerosol optical depth (AOD) is negligible at thermal wavelengths (AOD < 0.01) as the AOD likely depends on 1/λ 2 (Kirchstetter et al., 2004) . Furthermore, under the conservative assumption that the AOD might be larger then 0.01 at thermal wavelengths, the effect of AOD on the retrieval would be characterized with the cloud-component of the TES retrieval Eldering et al., 2008; Verma et al., 2009; Worden et al., 2012) .
Our motivation with this analysis is to test both the skill of the retrievals in quantifying methane variations in tropical smoke plumes and to test the skill of the GEOS-Chem global atmospheric chemistry model to quantify methane emissions and the subsequent dispersion of the plume. For these tests, we use TES estimates of CH 4 and CO (e.g., Worden et al., 2004 Worden et al., , 2012 Logan et al., 2008; Ho et al., 2009; Luo et al., 2010) to investigate correlations and to quantify the ratio of the enhancements of CH 4 and CO over tropical fires in South America, southern Africa, and Indonesia. The approach discussed in this paper will be used in subsequent analysis for quantifying the relative role of fires, wetlands, and transport on the observed methane distributions, and when possible, to quantify the methane emissions from the fires.
Description of TES instrument and CH 4 estimates
The TES instrument is an infrared, high spectral resolution, Fourier Transform spectrometer covering the spectral range between 650 and 3050 cm −1 (15.4 to 3.3 µm) with an apodized spectral resolution of 0.1 cm −1 for the nadir view (Beer et al., 2001) . Spectral radiances measured by TES are used to infer atmospheric profiles using a non-linear optimal estimation algorithm that minimizes the difference between these radiances and those calculated with the equation of radiative transfer , subject to the constraint that the parameters are consistent with a statistical a priori description of the atmosphere . TES provides a global view of tropospheric trace gas profiles including ozone, water vapor and its isotopes, carbon monoxide and methane, along with atmospheric temperature, surface temperature, surface emissivity, effective cloud top pressure, and effective cloud optical depth (Worden et al., 2004 Kulawik et al., 2006; Eldering et al., 2008) .
Vertical resolution and error characteristics of TES
CH 4 and CO
CH 4 vertical resolution and calculated errors
Details of the TES CH 4 retrieval are discussed in . In this paper we use TES CH 4 "version 5" profiles. In particular we use the "Lite" products available at http://tes.jpl.nasa.gov/data in which the TES Level 2 (single observation) data are (1) collected into monthly files, . TES CH 4 estimates are primarily sensitive to freetropospheric CH 4 (between approximately 850 hPa and the tropopause) with some sensitivity to the boundary layer and stratosphere as shown by a typical averaging kernel for a tropospheric CH 4 estimate in Fig. 2 . The averaging kernel (left panel of Fig. 2 ) describes the sensitivity of the (log) CH 4 estimate to the "true" distribution of (log) CH 4 . As discussed in Rodgers (2000) , a metric for the sensitivity of a remotely sensed estimate is the degrees-of-freedom for signal (DOFS) that describes the number of pieces of information in a retrieval. For the TES trace gas estimates, the estimated parameters are usually the log of the trace gas concentration in volume mixing ratio, or log(VMR), which is primarily sensitive to variations in the trace gas. Therefore, a DOFS of 1 for indicate thats the retrieval can resolve variations of methane within the calculated random errors. Generally, larger values of the DOFS indicate increased vertical resolution of the estimate.
As discussed in Worden et al. (2012) , we assume for the methane constraint used in the TES methane retrievals that the free-troposphere CH 4 can vary by as much as 5 % from our a priori knowledge but that CH 4 is also relatively well mixed in the troposphere. These assumptions affect both the corresponding averaging kernel (or vertical sensitivity) and the vertical distribution of uncertainties for the CH 4 estimate as shown in Fig. 2 (right panel, taken from Worden et al., 2012) . The dominant uncertainty in the lower troposphere is due to errors in the TES temperature estimate. In the upper troposphere, the dominant random uncertainty is due to noise in the measured radiances.
Validation of TES CH 4 bias and random error with HIPPO data
TES CH 4 estimates have been validated using aircraft CH 4 profiles from the HIAPER Pole-to-Pole Observation (HIPPO) mission . According to , the TES data in the upper troposphere and lower troposphere have different biases which potentially vary by latitude, with the lower-tropospheric methane in the tropics (20 • S to 20 • N) biased high by approximately 16.9 ppb and the higher latitudes biased high by 28.8 ppb. Worden et al. (2012) also show that the vertical distribution of TES CH 4 is biased high in the upper troposphere relative to the lower troposphere by 2.8 %. This bias is possibly due to temperature errors in the methane spectroscopy (Worden et al., 2004 . In order to reduce the effects of this vertically distributed bias error, we average the retrieved VMRs of CH 4 and CO throughout the troposphere (i.e., from the surface to the tropopause) before comparing the TES retrievals to GEOS-Chem, as discussed in Sects. 4 and 5. We do not compute a total column average from these profiles because a column average would be strongly weighted towards the boundary layer where the TES data typically have little sensitivity. In the analysis discussed in this paper we examine the bias with respect to GEOS-Chem (Sect. 4) by comparing averages of the model and data and find that the biases vary little with respect to latitude and therefore have negligible effect on the comparisons made in this paper. Wecht et al. (2012) also find that the actual random uncertainty, as calculated through the root-mean-square difference between HIPPO and TES data, is larger than the calculated uncertainty as described in Fig. 2 . However, this difference could result from the dependency of the TES tropospheric CH 4 estimates on stratospheric CH 4 variations and the HIPPO mission did not typically measure CH 4 in the stratosphere. Consequently, uncertainties in the assumed stratospheric CH 4 distribution used for comparing HIPPO data to TES data can result in larger differences between the TES and HIPPO CH 4 comparisons than expected (this is called extrapolation error in the Wecht et al. (2012) study). As can be inferred from the right panel of Fig. 2 , the calculated random uncertainty in these averaged profiles from the surface to the tropopause ranges from approximately 0.5 % to 2 % with the error depending on measurement noise, the distribution of radiative interferences, and temperature. We use these calculated uncertainties for the analysis discussed in this paper. The errors for a tropospheric average of CH 4 and CO is calculated by averaging the calculated observation error covariance:
, where δ ch4 is the fractional error of the tropospheric average, N is a vector that is the same length as the number of pressure levels between the surface to the tropopause, and each element of this vector is 1/N, with N being the number of pressure levels. The S obs is the observation error covariance, contained in all the TES product files, (Worden et al., 2004 that characterizes the estimated uncertainties and their cross-correlations due to noise, temperature, and the primary radiative interferences such as clouds and H 2 O. Note that the smoothing error due to the limited vertical resolution of the TES estimates is not considered in this tropospheric average because comparisons between data and model can explicitly account for the smoothing error by application of the instrument operator to the model (see Sect. 4.1).
CO
Details of the vertical resolution, error characteristics, and validation of the TES CO estimates can be found in Luo et al. (2007) . Similar to the TES CH 4 estimates, the TES CO estimates have peak sensitivity to the middle troposphere with little sensitivity to the boundary layer or to the stratosphere. The DOFS of the TES CO estimates range from approximately 0.8 to 1.5 for latitudes ranging from ±50 degrees to the equator. A tropospheric average of the TES CO profile, in VMR, typically has an uncertainty of 2.5 %. As discussed in Luo et al. (2007) biases in the TES CO data are not evident and so are not considered in this analysis.
Description of GEOS-Chem
GEOS-Chem is a global 3-D chemical transport model driven by GEOS-assimilated meteorological data from the NASA Global Modeling and Assimilation Office (GMAO) (http://acmg.seas.harvard.edu/geos/). The model was originally described by Bey et al. (2001) . In this study, we run GEOS-Chem version 9-01-02 with GEOS-5 meteorological data at 2 • × 2.5 • (lat, lon) horizontal resolution with 47 vertical layers and a time resolution of 6 h. The GEOS-Chem methane simulation was developed by Wang et al. (2004) and updated by Pickett-Heaps et al. (2011) . Model methane concentrations are initialized using observations from the NOAA/GMD surface network and were simulated for twenty years prior to use in this study. Model methane sources include anthropogenic emissions from EDGAR 4.0 (European Commission, 2009), GFED2 biomass burning emissions , and natural wetland emissions based on Kaplan (2002) and described by Pickett-Heaps et al. (2011) . We compute the loss of methane from reaction with the OH radical using monthly mean 3-D OH concentration fields as discussed in Park et al. (2004) . The global mean tropospheric OH concentration is 10.8 × 10 5 molec cm −3 , as constrained by methyl chloroform measurements (Prinn et al., 2005) . Additional minor sinks include prescribed stratospheric loss rates (Wang et al., 2004) and soil absorption (Fung et al., 1991) . The GEOS-Chem methane lifetime is 9.5 yr, consistent with the lifetime of 8.7 ± 1.3 yr reported by Denman et al. (2007) .
Comparison of TES to GEOS-Chem global distributions

Comparison approach
The first primary step to comparing the TES data to GEOSChem model profiles is to find the nearest spatio-temporal match between observation and model. As discussed in Sect. 3, the GEOS-Chem model grid spacing is 2 × 2.5 degrees with a temporal resolution of 6 h. The next primary step is to account for the a priori constraint and vertical resolution of the TES estimate, or else differences between the remotely sensed estimate and the model will be driven by choices in the a priori constraint instead of process errors in the model or errors in the retrieval from noise or interferences (e.g., Rodgers and Connor, 2003) . We account for the effects of the a priori constraint and vertical resolution by applying the TES instrument operator to the GEOS-Chem model profile:
where A is the TES averaging kernel matrix (e.g., left panel of Fig. 2 ) for the CH 4 estimate, x a is the logarithm of the a priori profile used for the TES retrieval and x GC is the logarithm of the GEOS-Chem CH 4 profile. After applying the TES instrument operator, the difference between the TES estimate and the GEOS-Chem profile will be the uncertainties in the TES estimate which are due to noise, temperature, and radiative interferences such as H 2 O and clouds (Eq. 3 in Worden et al., 2012) along with uncertainties in the model estimate. We also find that errors in the GEOS-Chem stratospheric distribution of methane can strongly affect the comparison between the TES and GEOS-Chem tropospheric methane distributions, even after accounting for the TES a priori constraint and averaging kernel. For example, Fig. 3 shows a comparison between a sample TES and GEOS-Chem profile over a region in South America with significant methane enhancement in the boundary layer. After the full (surface to top-of-atmosphere) TES instrument operator (Eq. 1) has been applied to the GEOS-Chem profile (black line), the GEOS-Chem estimate peaks in the upper troposphere, whereas the TES profile peaks in the middle/lower troposphere. We find that the orders-of-magnitude differences between the GEOS-Chem methane distribution in the upper stratosphere (pressures less than 50 hPa) and the TES a priori have a significant impact on comparison in the troposphere even though the averaging kernel values at these stratospheric pressure levels are quite small. In order to mitigate this numerical error due to large differences between the a priori and the GEOS-Chem upper stratospheric methane distributions, the averaging kernels and model fields are first truncated near the tropopause (or 80 hPa) before applying the TES averaging kernel and a priori (the TES operator) to the GEOS-Chem fields. Not accounting for the stratosphere is equivalent to replacing the GEOS-Chem stratosphere with the TES a priori stratosphere as seen in Eq. (1). Because we no longer apply the stratospheric component of the averaging kernel and a priori constraint to the model fields, we have replaced one uncertainty due to GEOS-Chem stratospheric model error with another uncertainty that is due to stratospheric variations on the TES methane estimate. This error is called "cross-state" error in Worden et al. (2004) because it is the error from jointly estimating one set of parameters (i.e., stratospheric methane) with another set of parameters (i.e., tropospheric methane). We can estimate the effect of this error on our comparison between TES and GEOS-Chem by using the assumed covariance for the TES methane a priori in the stratosphere and the TES averaging kernels and find that the magnitude of the error is on the order of 3 ppb or less; consequently we ignore the error as it is negligible relative to the errors from noise, H 2 O, clouds, and temperature. After applying the truncated averaging kernel to the GEOS-Chem profile, the vertical distribution of the GEOS-Chem estimate in the troposphere peaks lower in the troposphere (orange curve in Fig. 3 ) and is more comparable to the TES observations for this particular observation. Future versions of the GEOS-Chem model will have an improved estimate of stratospheric methane and we expect that we will not need to apply this correction when using these improved model fields. Note that the effect of the averaging kernel matrix and a priori on the GEOS-Chem profile increases the middle-tropospheric CH 4 values while greatly reducing the boundary layer values because the a priori does not have the same boundary layer distribution and the averaging kernel shows little sensitivity to the boundary layer.
Two final retrieval and model characteristics that are empirically found to affect the TES and GEOS-Chem methane/CO comparisons are that the vertical sensitivity of the TES CH 4 and CO estimates vary differently by altitude and that uncertainties in the GEOS-Chem vertical transport can place CO or methane at incorrect altitudes. We mitigate these effect of these data and model differences on the comparison by averaging the TES and GEOS-Chem CH 4 profiles from the surface to the tropopause after applying the instrument operator to the GEOS-Chem profile. We can quantify the effect of these averaging operations on our conclusions by comparing the GEOS-Chem CO/CH 4 distributions before applying the TES operator to the GEOS-Chem distributions after applying the TES instrument operator as discussed in Sect. 5.
Latitudinal variability of biases in TES and GEOSChem CH 4 comparisons
In this section we compare the latitudinal distribution of TES and GEOS-Chem CH 4 estimates in order to globally evaluate how potential errors in the TES stratospheric CH 4 estimate or the tropopause height could affect GEOS-Chem and TES comparisons. Note that this error affects the TES estimate only and is different from that discussed in the previous section in which it was found that large differences between the GEOS-Chem CH 4 and TES a priori in the stratosphere could affect the comparisons between model and data. Figure 4 shows the TES CH 4 estimates as compared to the GEOS-Chem values (with the averaging kernel applied) as a function of latitude. Each data point is the average of the CH 4 VMR from the surface to the tropopause. All data in which the retrieval converged and the DOFS are larger than 1.2 are used to ensure that the TES estimate is sensitive to the tropospheric CH 4 variations. The mean difference is approximately 26.3 ± 0.5 ppb for all data north of 50 • S. This bias is consistent with the comparison of the TES CH 4 data to the HIPPO data, which showed a similar high bias in the TES retrievals . However, the mean difference becomes larger at latitudes south of 60 • S, primarily due to relatively high TES CH 4 data. As discussed previously, the random error due to noise and co-retrieval of interferences is approximately between 8 and 20 ppb, thus indicating that much of the observed variance is likely due to variations in atmospheric methane. It is possible that poor specification of the tropopause height in the TES a priori CH 4 distribution at these higher latitudes could contribute to these differences as incorrect tropopause height would lead to strong differences between the TES CH 4 a priori in the stratosphere and the true CH 4 distribution which can then propagate to the tropospheric part of the TES methane estimate. For example, the bottom panel of Fig. 5 shows the contribution from CH 4 variations in the stratosphere to the TES tropospheric estimate at 562 hPa. These values are calculated by summing the averaging kernel corresponding to 562 hPa for pressures lower than the average tropopause pressure (red line in top panel of Fig. 5 ) and dividing it by the sum of the 562 hPa averaging kernel. Differences between the TES CH 4 a priori and the "true" CH 4 distribution in the stratosphere will have a larger effect on the TES CH 4 tropospheric estimate for larger values shown in the bottom panel of Fig. 5 . Lower values in the Southern Hemisphere south of 60 • S are likely in error because of the lower altitude (higher pressure) tropopause heights at these latitudes. For these reasons we remove all data in subsequent comparisons for latitudes south of 50 • S and if the stratospheric contribution, as described in the bottom panel in Fig. 5 , is larger than 0.3.
We are currently assimilating the TES data into the GEOSChem model for comparison with the HIPPO data, using the mapping and data quality assessment approaches discussed in this paper, in order to re-evaluate the bias in the TES data and attribute its sources; this analysis builds on the study by Wecht et al. (2012) and will be the subject of a future paper. However, we do not expect these errors to affect the study presented here as we focus on the tropics where, as seen in Fig. 5 , the bias is stable and the error on the mean of the bias is less than 1 ppb. In addition, the effect of stratospheric variability on the TES tropospheric CH 4 estimates is small and the tropopause height is well measured and stable across the tropics.
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Maps of TES and GEOS-Chem CH 4 and CO estimates
Prior to using the GEOS-Chem model to compare to the TES data over specific regions such as fires, it is useful as a "sanity check" to compare the data globally to ensure that both data and model show the same features, especially in the region of interest (the tropics). Figure 6 shows global maps of TES CH 4 tropospheric average estimates for October 2006 (Fig. 6a ) along with the corresponding GEOS-Chem CH 4 distributions, after applying the truncated TES instrument operator described by Eq. (1) (Fig. 6b) and the difference between the two (Fig. 6c) . We use the same quality flags and averaging approach discussed in Sects. 4.1 and 4.2. The individual GEOS-Chem CH 4 model values in Fig. 6b are selected by finding the closest match in time and space to the individual TES observations. Figure 7 shows global maps of CO; individual CO data used to generate this map correspond in time and space to the individual CH 4 data used to generate Fig. 6 . Figure 8 shows the a priori distributions used to regularize the TES CH 4 (top panel) and CO (bottom panel) estimates. The CH 4 TES data in Fig. 6 have been bias corrected using the mean value of 26.3 ppb shown in Fig. 4 (bottom panel). All estimates are averaged within each 2 • × 2.5 • grid box, and only grid boxes with at least 4 TES observations are shown in the map. The GEOS-Chem CO values have been decreased by 19.9 ppb to account for the mean global bias between TES and GEOS-Chem CO estimates and to be consistent with previous studies indicating that TES data are effectively unbiased with respect to independent data sets (Luo et al., 2007) . Unlike with the methane estimates, this bias in CO shows regional and latitudinal vari- ations that are well above the uncertainty in the mean for a 15-degree latitudinal average. As can be seen in Figs. 1, 6 , and 7, the primary differences between the TES and GEOSChem CH 4 estimates are typically in biomass burning outflow regions in the Southern Hemisphere or over wetlands regions in the tropical continents. However, GEOS-Chem appears to capture the methane variability over Asia and over the Indonesian peat fires as shown by the small differences between TES and GEOS-Chem over these regions. Larger mean differences (∼ 10 ppb on average) between TES and GEOS-Chem are observed near the boreal forest wetland regions at high latitudes.
CH 4 and CO distributions in tropical fire plumes
We next examine the role of fire emissions versus emissions from other sources (e.g., wetlands and/or livestock) in the observed methane concentrations affected by the smoke plumes from the Indonesian, South American, and African fires. For these comparisons we use the same quality flags, instrument operator, averaging, and bias correction as discussed in Sects. 4.1 and 4.2; however, because the TES tropical observations are more sensitive to CH 4 and CO variations due to increased thermal contrast in the tropics we now only use those observations that have at least 1.4 DOFS. In general, we empirically find that a profile will be uniformly sensitive to the CH 4 distribution from the lower troposphere through the tropopause for DOFS of 1.4 and above.
Indonesia
The observed distributions of CH 4 and CO for the air parcels affected by the October 2006 Indonesian fire plumes are shown in Fig. 9a . All TES observations between 80 • E and 130 • E and from 15 • S to 5 • N are included. The TES CH 4 and GEOS-Chem CO data have both been bias corrected as described in Sect. 4.3. The least-squares-derived slope for the TES data (using the data shown in Figs. 6 and 7) is 0.13 (ppb ppb −1 ) ±0.01 with a linear correlation coefficient (R) of 0.42. The uncertainty on this least-squares-derived slope is dependent on the uncertainties of the TES tropospheric CH 4 and CO tropospheric estimates that are on average 11.7 ppb and 3.7 ppb, respectively, for the observations shown here. The root-mean-square of the difference between the TES methane and CO distribution and the solid line in Fig. 9 is 13.6 ppb, indicating that a linear relationship well describes this distribution within the uncertainties of the TES data. The CH 4 /CO distributions for the TES a priori are uncorrelated, as depicted in Fig. 8a , indicating that the observed correlations are from the measurement and not the a priori. The corresponding CH 4 /CO distributions from the GEOS-Chem model are shown as red diamonds in Fig. 9 . The slope of the GEOS-Chem CH 4 /CO distribution of 0.153 ppb ppb −1 ±0.005 is higher than for the TES data but consistent (within 3 sigma) with the TES data (the error in the slope for the model distributions is calculated using the RMS spread of methane versus CO).
Part of the distribution of methane and CO observed by TES originates directly from Indonesia, while the rest is transported from elsewhere. We can gain insight into the component from Indonesian emissions by (1) comparing the TES CH 4 /CO and the GEOS-Chem CH 4 /CO distributions (adjusted by TES instrument operator) with the GEOS-Chem CH 4 /CO distributions not adjusted by the TES instrument operator and (2) the emission ratio expected from the Indonesian emissions used as input to the GEOS-Chem model.
The slope of the GEOS-Chem CH 4 /CO distribution without the TES instrument operator applied is 0.11 ppb ppb −1 ±0.005, as compared to 0.153 ± 0.005 with the TES instrument operator. Because the TES CH 4 and CO averaging kernels weight the free-tropospheric component of the GEOSChem distribution relative to the distribution without the TES instrument operator, this difference indicates that transport of methane and CO into the smoke plume contributes to the observed distribution, or else the two GEOS-Chem (with and without the TES operator) distributions would agree. We can compare this model slope of 0.11 to the value expected from the Indonesian emissions used as input to the GEOS-Chem model. Tables 1 and 2 list the CH 4 and CO emissions used in the model for Indonesia (first column) for October 2006. We only show the October 2006 period for brevity; however, the other emission sources (such as wetlands) remain approximately constant during the fall time period which includes the period of the Indonesian fire. We therefore expect from the biomass burning emissions in Tables 1 and 2 that the emission ratio of CH 4 relative to CO for the fire during October 2006 should be 2.8/43.7 or 0.064 Tg Tg −1 (Andreae and Merlet, 2001 ), or, after accounting for a molar weight ratio of 1.75, 0.11 molecules of CH 4 per CO molecule (equivalent to ppb ppb −1 ). This agreement between the emission ratio We can further test how transport of nearby emissions could affect our conclusions by conducting a sensitivity study in which the CH 4 emissions from biomass burning in GEOS-Chem (Table 1) are "turned off", or set to zero, over Indonesia during the September through November 2006 time frame, while keeping CO emissions the same (Fig. 9b) . The modeled distribution is inconsistent with the observations. The modeled slope for this sensitivity study for the CH 4 /CO distribution is 0.044 (ppb ppb −1 ) ±0.005 with a correlation of approximately 0.42. The lower value for the slope occurs because there is less emission of methane from other sources for the same amount of CO and also indicates that the enhanced methane observed over Indonesia primarily originates from the fire and not from other sources. However, the modeled CH 4 /CO distribution for the case in which there are no biomass burning emissions of methane is still correlated because co-located or nearby biotic emissions in the model are transported into the smoke plume; this result is consistent with aircraft measurements of uppertropospheric biomass burning plumes originating from Asia (e.g., Schuck et al., 2012) . This correlation due to transport occurs even at the largely different observation (5 km × 8 km) and model (∼ 250 km × 200 km) spatial scales because the free-tropospheric air parcels are sensitive to emissions over much larger spatial scales than the TES spatial resolution (Keppel-Aleks et al., 2011 . Consequently, we conclude that part of the observed correlation is due to transport of nearby emissions into the plume.
In addition to the agreement with the slopes of the TES and GEOS-Chem CH 4 /CO distributions, the RMS of the differences between the TES CH 4 observations and the VMRs of methane from the GEOS-Chem model (Fig. 7c ) is 14.8 ppb, which is slightly larger than the mean TES observation error of 12.0 ppb. We therefore conclude that the emissions used for GEOS-Chem for this time period explain, within the uncertainties, the observed distribution of methane.
South America
The distribution of CH 4 and CO for air parcels affected by the South American fire plumes s shown in Fig. 10 . Only data over land between −30 • S and −10 • S and from −70 • E through −40 • E are used. The slope of CH 4 versus CO is 0.47 (ppb ppb −1 ) ±.04 for the TES data. The slope is 0.47 (ppb ppb −1 ) ±0.02 for the GEOS-Chem model estimates. The larger slopes, as compared to the slope of the CH 4 /CO distribution from Indonesia, indicate that wetland emissions (or other non-fire emissions as shown in Table 1 ) are the primary contributors to the methane distribution for the observed air parcels (e.g., Schuck et al., 2012) . This conclusion is supported by the observed CH 4 values larger than 1800 ppb for the lower CO values of approximately 90 ppb which are not expected from the GEOS-Chem model and are well above the distribution of CH 4 values in the linear fit to the TES CH 4 /CO distribution. In addition, Table  1 (middle column) indicates that biomass burning emissions of methane are much smaller than other emissions.
We again performed a sensitivity test in which the methane emissions from biomass burning were set to zero for the September through November time period in GEOS-Chem. The modeled slope for the CH 4 /CO distributions was reduced from 0.47 to 0.44 and the correlation was reduced to 0.81. This 0.03 difference can be compared to the emission ratio of approximately 0.05 (g g −1 ) or 0.088 molecules of CH 4 per molecule of CO for the fire emissions used in this GEOS-Chem model. The mismatch in the reduction of the slope is due to scatter in the modeled CH 4 and CO distributions. From this analysis, we conclude that the correlation between CO and CH 4 is primarily driven by transport of nearby wetland emissions or other sources (e.g., livestock) into the observed air parcels.
Because wetlands and livestock (or other non-fire emissions) are the primary contributors to the distribution of CH 4 over this region (middle column Table 1 ) it is more difficult to place direct constraints on the total methane emissions and those due to biomass burning for this region and for this time period. However, this analysis suggests that CO might be a useful transport tracer for placing constraints on total methane emissions as demonstrated for CO 2 fluxes (e.g., Palmer et al., 2006; Wang et al., 2009 ). Alternatively, observations in the change of the slope of the CH 4 /CO distribution over "short" time periods might provide constraints on biomass burning over this region if we assume that non-fire emissions remain approximately constant over the "short" time period. We will test these approaches in subsequent research.
Southern Africa
In general, African biomass burning contributes the most to the distribution of tropospheric CO relative to other tropical regions (e.g., Edwards et al., 2006) . However, during the fall 2006 time period emissions from this region are less than from Indonesia as expected from the GEOS-Chem model inputs in Table 2 and the TES CO observations. The distribution of CH 4 and CO for the air parcels affected by the African fire plumes are shown in Fig. 11 . Only data between −30 • S and −10 • S and from 10 • E through 45 • E are used. The slope for the TES CH 4 /CO distribution is 0.44 (ppb ppb −1 ) ±.03 with a correlation of R = 0.42. The slope for the CH 4 /CO distribution from GEOS-Chem is 0.46 (ppb ppb −1 ) ±0.03 for the average tropospheric model estimates. The fact that the differences between TES and GEOS-Chem are larger than the mean observation error in each grid box also indicates that the sources of these methane and CO enhancements are not well quantified. Subsequent analysis and data will be needed to place constraints on the methane budget in this region.
Summary
In this paper we use new free-tropospheric CH 4 observations from the Aura TES satellite instrument to place constraints on methane emissions from tropical fires during the 2006 El Niño when there were strong peat fires over Indonesia as well as fires over South America and southern Africa. We first evaluated the global distribution of free-tropospheric CH 4 and CO from Aura TES observations against the GEOSChem model for October 2006 to ensure that the model could be used to interpret the data. We find that the TES CH 4 is biased high relative to the GEOS-Chem CH 4 distributions by approximately 26.3 ppb, consistent with previous validation studies involving the HIPPO aircraft campaign . This bias is nearly uniform for latitudes between 50 • S and 80 • N; higher biases south of 50 • S are likely a result of inconsistencies in the tropopause height between the TES and GEOS-Chem stratospheric CH 4 distributions.
We find that the slopes of the TES and GEOS-Chem CH 4 /CO distributions for the Indonesian peat fires and over South America and southern Africa (30 • S to 10 • S) are consistent (within the error of the slope). In addition, the TES methane observations and the GEOS-Chem methane distributions are consistent (within the TES data uncertainty) for air parcels affected by the Indonesian peat fire plumes. We therefore conclude that the relative distribution of emissions from fires versus biotic emissions in GEOS-Chem explains the relative distribution of the TES CH 4 and CO observations. Over Indonesia, an observed slope of 0.13 (ppb ppb −1 ) ±0.01, as compare to a modeled slope of 0.15 (ppb ppb −1 ) ±0.005 and an emission ratio of 0.11, indicates that most of the observed methane in the fire plumes over Indonesia came from the fires. A sensitivity study in which biomass burning emissions of methane are turned off in GEOS-Chem supports this conclusion because the modeled (no methane from biomass burning) CH 4 /CO distribution becomes 0.045 (ppb ppb −1 ) ±0.005. However this sensitivity study also indicates that a component of this distribution is due to transport of non-fire emissions into the observed plume. Finally, laboratory measurements of peat fire plumes (Christian et al., 2003) have an emission ratio of approximately 0.18, which is much larger than the emission ratio used in this study, indicating that the Indonesian fires plumes have a combination of peat and non-peat sources. Because we can attribute most of the enhanced methane in these Indonesian fire plume to the actual fire and not to other emissions, it is likely that we can place direct constraints on the methane emissions from the fire by using estimates of CO emissions such as might be obtained from the near-surface CO estimates from the Terra MOPITT satellite (e.g., Worden et al., 2010) ; this will be the subject of a subsequent study.
Unlike the Indonesian CH 4 /CO distributions, the slopes of the air parcels affected by fire plumes over South American and southern African regions are much larger (slopes ∼ 0.47 ± 0.04 and 0.44 ± 0.03, respectively, units of ppb ppb −1 ) than the slope expected from biomass burning alone even though the CH 4 and CO distributions are correlated (R ∼ 0.46 and 0.42, respectively). By conducting a sensitivity study in which biomass burning sources of methane were "turned off" in the GEOS-Chem model during the observation time frame, we conclude that transport of nearby biotic (e.g., wetland and livestock) emissions into the observed air parcels is the primary contributor to atmospheric CH 4 in these observed air parcels. Further investigation is therefore needed to better constrain fire-based methane emissions over these regions during this time period. For example, changes in the observed CH 4 /CO slope during peak fire season might be useful for placing constraints on methane emissions from these fires. We will also test whether CO can be used as a transport tracer to constrain CH 4 emissions as studied for CO 2 fluxes by Palmer et al. (2006) and Wang et al. (2009) .
